Abstract Dedicated experiments in the HT-7 tokamak were performed to investigate the influence of erosion and deposition on the mirror samples. The first mirror (FM) samples made of polycrystalline (PC) stainless steel (SS), molybdenum (Mo) and tungsten (W) were fixed on a holder at an angle of 45
Introduction
The first mirrors are indispensable components of the optical diagnostic systems for the present fusion devices, as well as the ITER tokamak. Due to the fact that it faces the plasma directly, the first mirror will suffer from intensive fluxes of electromagnetic radiation, energetic particles and neutron irradiation [1] . The two processes, which significantly degrade the optical characteristics of the mirror surface, are erosion due to the impact of charge exchange neutrals from the plasma, and plasma impurity deposition. Therefore, maintaining the best performance of the first mirrors might be the most acute issue for the optical diagnostic systems in fusion devices. However, a basic knowledge of these processes is not enough to predict the complicated changes in the mirror surface. Consequently, experiments have been carried out in fusion devices worldwide to investigate the influence of plasma erosion and impurity deposition on the mirror surface [2∼5] . This paper reports the first results of different metallic materials exposed in the HT-7 tokamak. Three kinds of mirror samples, polycrystalline (PC) stainless steel (SS), molybdenum (Mo) and tungsten (W), were installed at different locations of the horizontal plane of the HT-7 tokamak. The surface morphology was measured by scanning electron microscopy (SEM), and the specular reflectivity of the mirror samples was measured by spectrophotometer before and after the exposure.
2 Mirror preparation, precharacterization, and manu facture of mirror holders
Polycrystalline SS, Mo and W mirrors were used in the experiments. The height and width of the Mo mirrors were 35 mm and 20 mm, respectively, while the height and width of the SS and W mirrors were 40 mm and 35 mm. All the mirrors were polished by silicon dioxide (SiO 2 ) chemical and mechanical polishing to achieve a final surface roughness. The mirrors were preliminarily cleaned in the ultrasonic bath with ethanol.
After cleaning, the mirrors were pre-characterized by UV-VIS-IR spectrophotometer (SHIMADZU UV-2550) in a wavelength range of 240∼900 nm, and were fixed on the holders at an angle of 45
• with respect to the horizontal plane, as shown in Fig. 1 . 
Experiment
In order to investigate the erosion and deposition pattern on the FM surface after plasma exposure, the mirror samples were installed in the HT-7 tokamak with SiC coated graphite limiters. During the two month tokamak operation, the samples were exposed to the plasma for 3528 shots, with the plasma current I p of 80∼160 kA, the electron temperature of edge plasma T e of 1∼10 eV, and the density n e of 1.5 ∼ 3.0 × 10 19 m −3 . Additionally, the average duration of the plasma discharge was a few seconds, and the power of lower hybrid current drive (LHCD) was up to 500 kW. In order to reduce the impurities and improve the performance of the plasma, boronization has been performed in the HT-7 tokamak using radio frequency (RF) assisted helium glow discharge.
In the experiments, the mirrors were fixed on the mirror holder and installed at different locations near the LHCD antenna in the vacuum chamber of the HT-7 tokamak. The top of the mirror holders was recessed by about 1 cm at its peak below LCFS. In order to mark different parts on one mirror sample, the top, center and bottom of the mirror surface were defined, as shown in Fig. 2 . Therefore, the center of the mirrors was recessed by about 2.4 cm below LCFS, and the bottom of the mirrors was recessed by about 3.8 cm below LCFS. In the mirror array, Mo1, Mo2, W1, W2, SS1 and SS2 were installed under LCFS on the horizontal plane of the HT-7 tokamak, as shown in Fig. 3 . The length of connection (the toroidal length between one mirror and the next mirror or limiter along the magnetic field) of different materials was about 50 cm, while the distance between Mo1 (or SS2) and limiter was more than 50 cm. 4 Results and discussion
Visual observation
The sample appearances of different mirror materials after exposure are shown in Fig. 4 . It was found that the morphology of different mirrors was nearly the same by visual observation, but the deposits were thicker on the Mo1 and SS2 sample. This phenomenon was mainly induced by a longer connection length before the Mo1 and SS2 reflecting surface. Without any protection of buffers, Mo1 and SS2 were located in the shadowed region produced by two limiters. In this case, two limiters acted as impurity sources for these two mirrors. As for the mirror assemblies, since they were located on the same poloidal position along the magnetic field, they perfectly shadowed each other as buffers in the SOL of HT-7. Thus, in order to reduce the influence of erosion and deposition on the mirror surface, the connection length before the reflecting surface should be shortened and buffers could be adopted to shadow the mirror surface along the magnetic field. The deposition pattern of the mirror surface was highly inhomogeneous due to the different distances from the mirror surface to LCFS. After exposure, the top area of SS1 was almost clean. In contrast, there was a deposited layer on the top of SS2 in the same location. This different pattern may be due to the different processes contributing to the deposition on both mirrors as described below. Additionally, the deposit thickness increased from the center to the bottom of the surface on both SS mirrors. The same deposition pattern was also found on both Mo and W mirrors. Such a deposition pattern was due to the competition process of plasma erosion and impurity deposition. In general, the thickness of the deposited film increased from the top to bottom of the mirror surface [6] . However, plasma erosion scraped the deposited film on the surface, and the intensity of erosion decreased with an increasing distance between the plasma and the surface.
Optical characteristics and characteristics of deposits
Optical measurements were made on different parts of all mirrors before and after exposure. The respective dependence of the specular reflectivity on the wavelength for three mirror samples before exposure is shown in Fig. 5 . Obviously, the specular reflectivity of the SS mirror is much higher than the Mo and W mirrors at the wavelength of 350 ∼ 900 nm. However, it appears clearly that high-Z materials (Mo, W) are ideal as mirror materials not only for their resistance to erosion (owing to their lower sputtering yield and high energy threshold of ion sputtering) but also for their lower sensitivity to impurity deposition at the onset of the film growth [7] . So in the experiments, SS mirrors were used as a referential sample for the Mo and W mirrors. In a large scale fusion device (i.e., ITER), SS mirror will not be considered as an ideal first mirror. In addition, the difference in reflectivity between the Mo and W mirrors was quite small (4% on 600 nm). In our experiments, these two materials will be tested as promising materials for the FMs. As for the Mo and W mirrors, the respective dependence of the specular reflectivity on the wavelength before and after exposure is shown in Fig. 6 . Evidently, it was found that the reflectivity of the top of the Mo and W mirrors was almost degraded to zero after exposure. Thick deposits on the mirror surface and the inhomogeneous deposition with flake-like deposits caused by plasma sputtering degraded the reflectivity, as shown in Fig. 7 . In that case, the distance between the plasma and mirror surface should be as large as possible under a limiter to avoid the influence of impurity deposition and plasma sputtering on the deposited film. Using energy dispersive spectroscopy (EDS), it was found that the film on the Mo mirror surface mainly consisted of carbon, oxygen, iron, silicon, boron and chromium, as shown in Fig. 8 . The deposited elements came mainly from energetic particles that sputtered the first wall of the device (iron and chromium), the water cool pipe, the graphite limiters (carbon and silicon), oxide film (oxygen) after exposure and the boronization (boron) [5] . The deposited film on the mirror substrate degraded the reflectivity of the mirror surface.
Conclusions
Primary investigations with PC-W, Mo and SS mirrors were carried out in the HT-7 tokamak. Mirrors were exposed under a depositing flux during a series of plasma discharges. The optical reflectivity of these mirrors was degraded after exposure due to the processes of plasma erosion and impurity deposition. The study on the connection length of the mirror surface suggested that some buffer-like equipment could be installed close by the mirror surface to reduce the impurity deposition.
Since impurity deposition and plasma sputtering will degrade the reflectivity of FMs, it is suggested that the mirrors could be set far away from the edge plasma to reduce the influence of deposition and plasma sputtering on the deposited film, which will increase the roughness of the deposited film on the mirror substrates.
High-Z materials will be favorable for use as mirror materials in the next generation devices. However, it is very important to develop in-situ cleaning techniques even if deposition mitigation techniques (i.e., heating mirror surface [1] or setting buffers) are applied. These in-situ cleaning and mirror protection techniques will be the next research focus for FMs.
